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Abstract 
Neutron detectors have been widely used for monitoring security and illicit transportation of nuclear and radioactive materials. Dis- 
tinguishing feature of such application is the necessity to measure neutron flux caused by the monitored items that is close to the natural 
background flux. This paper examines potential improvement of characteristics of a multi-layer neutron detector with optic fiber sensors based 
on lithium-silicate ( 6 Li) glass, by replacing the polyethylene layers with layers of hydrogen-containing scintillating plastic. Combination of 
two types of neutron-sensitive sensors enables two-phase discrimination of gamma background when measured in mixed n- and gamma-fields, 
by the amplitude and time criteria. The proposed heterogeneous scintillation detector has much higher gamma-background discrimination 
factor as compared to the existing examples of multilayered neutron detectors, while maintaining rather high neutron registration efficiency, 
typical for multilayered detectors. 
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 Neutron detectors are widely used for monitoring security
and illicit transportation of nuclear and radioactive materials
(NRM), which is one of the main tasks in assuring of NRM
nonproliferation. Distinguishing feature of such application is
the necessity to measure neutron flux caused by the monitored
items that is close to the natural background flux or even less
neutron ( n ) and gamma ( γ ) background fluxes whose values
at the Earth’s ground level are [1–3] : 
ϕ t,n ∼ (1 .1 –1 .5)10 −3 n/cm 2 s – for thermal neutrons with
energies E n < 0 .4 eV; 
ϕ i,n ∼ (1 .9 –2 .9)10 −3 n/cm 2 s – for intermediate neutrons
with energies E n ∼ (0 .4 –10 5 ) eV; 
ϕ f ,n ∼ (2 .9 –3 .2)10 −3 n/cm 2 s – for fast neutrons with ener-
gies E n ∼ (0 .1 –10) MeV; 
ϕ γ ∼ 5 –10 γ /cm 2 s – for gamma-particles with energies
E γ ∼ 1 MeV. ∗ Corresponding author. 
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B.V. This is an open access article under the CC BY-NC-ND license ( http://creatiThese data define the following requirements to fast neu-
ron detectors applied to the above mentioned tasks: 
• High sensitivity : To ensure the counting rate of ∼0 .5 s −1 
for the effect comparable with the density of fast neutron
flux ϕ e ∼ ϕ f ,n , the sensitivity must be C ∼ 170 cm 2 /n. 
• High gamma discrimination ratio: To neglect the natural
gamma background while detecting fast neutrons with flux
ϕ e ∼ ϕ f ,n , this ratio must satisfy K γ > 3 10 4 ; in case of
additional sources of gamma background, its value must
be even higher. 
• Ability to operate as a spectrometer: To identify the moni-
tored sources of fast neutrons and to decrease the impact of
neutron background flux on to measurements in particular
energy intervals. 
To the most extent these requirements are satisfied by
he wide-aperture, multi-layer neutron detector (MND) [4,5]
eveloped at the Pacific Northwest National Laboratory
PNNL), USA. It is made of several layers of polyethylene
ith the thickness of ∼1 to 2 cm interlaced with detectingscow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Scheme of MND [6,7] : C i , i = 1, 2, …, 7 – polyethylene layers (CH 2 , 
ρ = 0 .96 g/cm 3 ); B i , i = 1, 2, .., 6 – 6 Li-activated scintillating optic fiber layers 
(Si 1 . 0 O 2 . 58 6 Li 0 . 363 7 Li 0 . 027 , ρ= 2 .58 g/cm 3 , = 0 .014 cm); S ( E ) – neutron 
(gamma) source with energy E . All sizes are given in cm. 
Fig. 2. Pulse-height spectra of scintillating glass fibers in neutron and beta- 































































 ayers of ∼ 0 .014 cm effective thickness, made of cerium-
ctivated (Ce 3 + ), lithium-silicate (with increased amount of
 Li isotope) scintillating glass fiber (diameter ∼120 μm) with
haracteristic gamma emission time of ∼40 to 60 ns in the
lue spectra range with wavelength of ∼470 nm. Fig. 1 shows
cheme of the PNNL detector [6,7] . 
The operating principle of the detector is based on neu-
rons slowdown in C-layers up to thermal energies in elastic
cattering by hydrogen nuclei and undergo in B-layers the
xothermic 6 Li(n, α)T reaction ( Q ∼ 4 .8 MeV), which high-
nergy products (T and α) induce the scintillations that are
etected by photomultiplier tubes (PMT) attached to the optic
ber layers. 
Investigations have shown that the total efficiency of all
ensor layers to 0 .5 –10 MeV neutrons varies in the range 300 –
20 cm 2 /n. The detector is sensitive to gamma radiation as
ell, but due to large difference in the ranges of fast elec-
rons, born mainly via Compton scattering of gamma particles
n the detector material, as compared to the ranges of heavy
harged products of the 6 Li(n, α)T reaction taking place in the
ensor layers, the amplitudes of the correspondent signals dif-
er considerably ( Fig. 2 ), so that discrimination of the gamma
ackground is possible with the gamma discrimination ratio
 γ ∼ (1 –8) 10 3 [5] . As it is noted in [7,9,10] that when signals from separate
ayers are detected separately, the MND can be used to assess
pectral characteristics of the neutron source. 
Characteristics of the MND with optic fiber sensors based
n lithium-silicate ( 6 Li) glass shown in Fig. 1 can be im-
roved by replacing the polyethylene layers with layers of
ydrogen-containing scintillating plastic. This MND modifica- 
ion, referred to as heterogeneous scintillation neutron detec-
or (HSD-n), contains two types of detectors that are sensitive
o neutrons: optic fiber glass containing 6 Li and organic plas-
ic scintillator, which makes possible to realize a multi-step
iscrimination of the gamma background, leading to higher
alues of K γ as compared to the original MND containing
nly optic fiber sensors. 
Numerical analysis of HSD-n has been performed with the
onte-Carlo method for the model similar to that shown in
Fig. 1 , except layers C i ( i = 1, 2, …, 6) were filled with
olystyrene scintillator (CH 1,1 , ρ = 1 .06 g/cm 3 ), S ( E ) is a pla-
ar homogeneous monodirectional source of neutrons and
hotons with energy E . The sum of signals in all B i ( i = 1,
, …, 6) and C i ( i = 1, 2, …, 6) layers is calculated. Results
re normed per one source particle (neutron or photon). The
ollowing values have been calculated: 
• The rate of 6 Li(n, α)T reaction in the B layers for source
neutrons with energy E n = 0 .1 –0 .8 MeV, which describes
the detecting efficiency of these neutrons in B layers,
B n ( E n ) 
• Time dependence of this value for a prompt 1 –8 MeV neu-
tron source, normalized to its maximal value, 
W B n ( t, E n ) = B n ( t, E n ) /B n ( E n ) (1) 
• Energy spectrum of the neutron fluence 	(E ) in C lay-
ers, and the correspondent spectrum of recoil protons that
arise in elastic scattering by hydrogen nuclei, for source
neutrons with energy E n = 0 .7 –8 MeV 
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and the source neutron detecting efficiency taking into ac-
count the recoil-protons detecting threshold E p,t = 0 .5 MeV
in C channels, 
C n ( E n ) = 




E p , E n 
)
d E p , (3) 
where 
H ( E ′ ) is the elastic scattering macroscopic cross-
section of neutrons with energy E ′ on hydrogen nuclei, V i 
– volume of layer C i , η( E ʹ) – the Heaviside step function
and E p,n – the proton detection threshold. 
• For photon source with energy E γ = 0 .5 –10 MeV, probabil-
ity distribution W B γ (ε) of energy ε absorbed in B layers,
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Fig. 3. Detecting efficiency time dependence of 1 –8 MeV neutrons in B channels of HSD-n. 
Table 1 
Probability density of photon energy absorption in B layers of HSD-n. 
E γ , MeV W B γ , 10 −2 1/MeV 
ε, MeV 0 .5 1 .0 2 .0 4 .0 10 
0 .1 –0 .25 6 .20 9 .13 12 .3 17 .2 31 .9 
0 .25 –0 .5 0 .32 1 .28 2 .16 2 .92 4 .56 
0 .5 –0 .75 0 0 .024 0 .16 0 .36 0 .68 
0 .75 –1 .0 0 0 0 .008 0 .04 0 .08 
1 .0 –1 .5 0 0 0 0 .002 0 .016 


















Photon detecting efficiency in B layers of HSD-n. 
E γ , MeV B γ , % 
ε t , MeV 0 .5 1 .0 2 .0 4 .0 10 
0 .25 0 .08 0 .33 0 .58 0 .83 1 .34 




























s  and the correspondent detecting efficiency of these pho-
tons in B layers for two values of the detecting energy
threshold, ε t1 = 0 .25 MeV and ε t2 = 0 .5 MeV: 
B γ
(









It was assumed that recoil protons with energies E p ≥ E p , t 
in C layers, energy losses of photons with ε ≥ ε t , and re-
actions 6 Li(n, α)T in B layers are detected with 100%
probability. 
Main calculation results are presented in Tables 1–3 and
in Fig. 3 . According to Table 1 , the maximal absorbed energy
in B layers for a wide source gamma energy range E γ ≈1 –
10 MeV does not exceed ε m ∼ 1 .5 MeV, which is below the
energy of charged products of 6 Li(n, α)T reaction that defines
neutron detection in these layers, 
ε m  Q ∼ 4. 8 MeV (5)
This relation can be used to significantly reduce the photon
detecting efficiency in the B-channels, by choosing a proper
value of the threshold energy ε t , without deteriorating the
neutron detection efficiency in the same channel. According
to the data in Table 2 , the gamma discrimination ratio of
the ∼2 MeV gamma rays in the B-channel at ε t = 0 .5 MeV
amounts to K γ = 2 .5 10 3 . This value grows as energy E γ
decreases. As analysis has shown, relation ( 5 ) is due to the fact that
cintillation in the B-channels (that are = 0 .014 cm thick in
he HSD-n design) is caused mainly by fast electrons, gener-
ted in more thick ( ∼1 cm) C-channels. This means that de-
ection of both neutrons and gamma particles in the B layers
f HSD-n is a secondary process with respect to their primary
nteraction in the C layers, that is, each detection event in a
 layer is preceded by a neutron- or gamma induced event
n a C layer. For gamma responses, the time interval between
hese two events, τCB , is assessed to be smaller than 10 ns. 
The fast neutrons detection time interval, τCB n , has been
ound from the dependency W B n (t ) , calculated for the consid-
red HSD-n design for source neutron energies in the range
 n = 1 –8 MeV, shown in Fig. 3 . In this time interval, this
ependence is practically independent on the energy E n , and
an be approximated with 5% accuracy by the function 
 
B 
n ( t ) = 1 − exp ( −t/ t 0 ) , = 46 . 3 μs (6)
This function gives τCB n = 200 μs that exceeds considerably
CB 
γ max : 
CB 
n  τCB γ max (7)
hat is governed by the processes of neutron slowing down
nd thermalization in the C layers. 
Relation ( 7 ) gives possibility to discriminate gamma back-
round by the time criterion in the neutron measurements with
he help of HSD-n. For this to achieve, the detection scheme
ust be equipped with the output signals from B- and C lay-
rs coincidence circuit in a “detection window” appropriately
et to τCC ≈0 .1 –200 μs according to Fig. 3 . This choice
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Table 3 
Neutron detecting efficiency in B and C layers of HSD-n. 
E n , MeV 0 .1 0 .7 1 .0 2 .0 4 .0 6 .0 8 .0 
B n , % 21 .8 22 .3 21 .4 17 .9 12 .6 10 .2 7 .9 
C n , % ( E p,t =0 .5 MeV) – 24 .6 51 .0 86 .5 94 .1 84 .1 75 .5 
Fig. 4. HSD-n signal registration scheme with two phases of gamma dis- 
crimination: C – channel for the C layers (made of scintillating plastic); 
B – channel for the B layers ( 6 Li-containing glass fiber); AD – amplitude 
















































































 ssures the fast-neutron detection efficiency close to its maxi-
al achievable value and practically complete discrimination
f gamma particles when measuring in the mixed neutron-
nd gamma fields. Calculated values of detection efficiencies
B 
n and C n in the B- and C- HSD-n measurement channels are
resented in Table 3 , from which it follows that the detector
fficiency in the “coincidence” operation mode will be close
o B n that amounts to 10% for energies E n ∼ 1 –8 MeV. 
A signal registration scheme of HSD-n with two phases
f gamma discrimination is shown in Fig. 4 . When register-
ng fast neutrons, AD in the B channel passes signals having
he amplitude above A 0 that corresponds to neutron signals,
nd blocks signals having the amplitude A < A 0 corresponding
o gamma signals (the first n-, gamma discrimination phase,
ccording to criterion ( 5 )). Signals that were passed through
he B-channel discriminator (that are secondary with respect
o the signals in channel C), together with the C-channel sig-
als (primary) are received by the coincident circuit CC with
detection window” τCC , and passed to the counter PC if
CB ∈ τCC , i.e. when signals are identified as coming from
eutrons (the second phase of n-, gamma discrimination, ac-
ording to criterion ( 7 )). 
The HSD-n measuring scheme ( Fig. 4 ) can operate as
 spectrometer with high gamma discrimination. To achieve
his, the counter PC must be replaced with an impulse am-
litude analyzer for the C-channel signals, measuring recoil-
roton energy spectrum F(Ep) in the C layers of the detector.
n this case, the energy distribution of neutron fluence 	(E )
t the detector input aperture is defined by the following re-
ation: 
 ( E p ) = P ·
∫ E m 
E t 
R( E p , E ) · 	(E ) dE (8)
here R ( E P , E ) is the response function of the C-channel spec-
rometer, normalized to one source neutron, E m – is the neu-
ron source maximal energy. One of the drawbacks of the considered HSD-n measur-
ng scheme is that it operates only in a single-particle de-
ection mode, which considerably limits its maximal load-
ng. This drawback can however be eliminated by applying
n the C layers newly developed plastic scintillators featuring
-, gamma discrimination by the fluorescence impulse time
hape [11] . The use of such scintillators in the C layers of
SD-n improves the response time, as well as introduces a
hird phase of gamma background discrimination by the sig-
al pulse shape detected in the C-channel. 
onclusion 
Operation of the fast-neutron heterogeneous scintillating 
etector (HSD-n) consisting of paired layers of 1 –2 cm thick
olystyrene scintillators (C layers) and scintillating optic fiber
B layers) having the effective thickness of ∼0 .014 cm made
f lithium-silicate ( 6 Li) glass is analyzed. 
This combination of sensitive to neutrons detectors makes
ossible to organize the two-phase discrimination of gamma
ackground when performing measurements in mixed n- and
amma fields: by the amplitude criterion (due to the discrep-
ncy of signal amplitudes coming from neutrons and gamma
articles in the B-channel) and by the time criterion (due to
arge difference in time intervals τCB between the correlated
ignals in the C- and B-channels induced by neutrons and
amma particles). 
It is shown that with the quantitative values describing the
bove mentioned criteria chosen in this work, the detecting
cheme of HSD-n features much higher gamma-background 
iscrimination coefficient, as compared to the MND with C-
ayers made of polyethylene [5,7] , while still keeping a com-
aratively high efficiency of neutron detection, specific to
ND. 
It is noted that the parameters of the HSD-n measur-
ng scheme can be considerably improved by replacing the
olystyrene scintillators in the C layers with newly-developed
lastic scintillators that feature n-, gamma discrimination by
he fluorescence pulse shape. 
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